We previously demonstrated that exposure of certain human tumor cells to very low chronic doses of ionizing radiation led to their enhanced survival following exposure to subsequent high doses of radiation. Survival enhancement due to these adaptive survival responses (ASRs) ranged from 1.5-fold to 2.2-fold in many human tumor cells. Furthermore, we showed that ASRs result from altered G1 checkpoint regulation, possibly mediated by overexpression of cyclin Dl, proliferating cell nuclear antigen (PCNA), and the X-ray induction of cyclin A. Because cyclin Dl and PCNA proteins are components of many DNA synthetic and repair processes in the cell, we tested the hypothesis that preexposure of cells to low doses of ionizing radiation enabled activation of the DNA repair machinery needed for survival recovery after high-dose radiation. We examined the role of DNA break repair in ASRs using murine cells deficient (i.e., severe combined immunodeficiency [SCIDI cells) or proficient (i.e., parental mouse strain [CB-1 71 cells) in DNA-dependent protein kinase catalytic subunit (DNA-PKcs) expression and DNA double-strand break repair. DNA-PKcs is a nuclear serine/threonine protein kinase that is activated by DNA breaks and plays a key role in double-strand break repair. DNA-PKcs also phosphorylates several nuclear DNA-binding regulatory transcription factor proteins (e.g., Spi and p53), which suggests that DNA-PKcs may play a role in regulating transcription, replication, and recombination as well as DNA repair, after radiation. Therefore, we exposed confluent SCID or CB-17 cells to low priming doses of ionizing radiation (i.e., 5 cGy) and compared the survival responses of primed cells to those of unprimed cells after an equitoxic highdose challenge. Low-dose-primed SCID or CB-17 cells demonstrated 2-fold enhanced survival after a high-dose challenge compared to that of unprimed control cells. These data suggest that expression of the catalytic subunit of DNA-PKcs (expressed in CB-17 not SCID cells) and the presence of active double-strand break repair processes (active in CB-1 7, deficient in SCID cells) do not play a major role in ASRs in mammalian cells. Furthermore, we present data that suggest that DNA-PKcs plays a role in the regulation of the G2/M cell cycle checkpoint following extremely high doses of ionizing radiation.
Introduction
Adaptive survival responses (ASRs) are agents. ASRs have been observed in many observed when cells become resistant to cell types, including neoplastic (4) and cytotoxic agents after previous exposure to normal (5) (6) (7) human cells, but the mechalow doses of the same (1) (2) (3) (4) or different nism(s) underlying the emergence of such damage-induced resistance phenotypes remains obscure.
We recently found that ASRs were regulated by altered G1 cell-cycle checkpoint events occurring at an A point in which the involvement of cyclin A was suggested (4) . We discovered that elevated proliferating cell nuclear antigen (PCNA) and cyclin D1 levels correlated in human cells with the ability of the cell to demonstrate ASRs (4) . The fact that cells primed with low doses of ionizing radiation appeared to enter the cell cycle earlier after release by low-cell density than untreated confluent control cells confirmed that altered G1 cell-cycle checkpoint regulation controlled ASRs (4) . Although we demonstrated that such ASRs were the specific result of new gene transcription and translation, we also demonstrated that the DNA binding of many common transcription factors (including Spl, retinoblastoma control proteins (RCPs), p53, nuclear factor-KB, egr-1, AP-1, Oct-1, CREB, GRE, AP-2, and AP-3) remained unchanged in untreated, primed (i.e., low-dose irradiated), or high-dose challenged human cells that demonstrated highly efficient ASRs (8) .
After characterizing ASRs in various human cancer cells after exposure to ionizing radiation (4, 8, 9) , we decided to use model cell systems to explore the mechanisms behind ASRs (4, 11, 12) . The cell lines did not vary significantly in their doubling times or plating efficiencies, and each cell line demonstrated approximately 42% efficiency in plating. Once confluent, low-dose (priming) or high-dose (challenging) ionizing radiation exposures were applied using a Phillips X-ray-generator as described (13, 14 (Table 1) . SCID cells treated with a high dose of equitoxic, ionizing irradiation (250 cGy) showed similar survival levels (i.e., 9 ± 1%) to those demonstrated for CB-17 cells (Table 1) . SCID cells exposed to one priming dose (5 cGy) followed by a highdose challenge of ionizing radiation showed 21 ±3% survival. Cells receiving two priming doses followed by a high-dose challenge showed 18% ± 6% survival, indicating that as with CB-17 cells one priming dose of ionizing radiation was equivalent to multiple doses of radiation in terms of establishing ASRs. Unlike CB-17 cells, SCID cells demonstrated only a slight decrease in survival (i.e., 90 ± 11%) after two priming doses (Table 1) .
To investigate the possibility that ASRs were the result of altered cell-cycle distribution or cell viability between cell types [other than minor fluctuations in the GO/G, portion of the cell cycle as previously described (4) We are currently examining longer time points after radiation to ascertain if more dramatic cell-cycle changes occur; however, results similar to those described here were previously published (4,9).
Role ofDNA-PKcs in Cell-cyde
Regulation after Ionizing Radiaton
In an attempt to determine the effect of DNA-PKcs expression (and therefore the presence or absence of double-strand break repair) on cell cycle regulation after ionizing radiation exposure, log-phase SCID and CB-17 cells were treated with various doses of X-rays; samples were taken at 4, 16, and 28 hr. Changes in cell-cycle distribution were then monitored by flow cytometry, as described in "Materials and Methods." The data in Figure IA to E (for CB-17) and Cell cycle regulation in SCID mouse cells, which lack expression of the DNA-PKcs, after various doses of ionizing radiation. Log-phase SCID mouse cells, which lack the expression of DNA-PKcs, were plated at low densities. Twenty-four hours after plating, cells were irradiated with various doses of ionizing radiation and allowed to grow. Cell cycle distribution effects were monitored using flow cytometry as described in "Materials and Methods." Doses of ionizing radiation to which the SCID cells were exposed as follows: (A) 0.0 Gy, (B) 2.5 Gy; (C) 5.0 Gy; (D) 10 Gy; and (E) 15 Gy (1 Gy is equivalent to 100 cGy, the units used in the text). At certain data points, error bars were smaller than the symbol used.
SCID cells (which lack DNA-PKcs expression) arrest only transiently in G2/M after ionizing radiation, particularly at higher doses (> 1000 cGy) of ionizing radiation. In contrast CB-17 cells (which express normal levels of DNA-PKcs) demonstrated efficient (> 60%) and a more prolonged (> 30 hr) G2/M cell-cycle checkpoint, particularly at the higher doses (> 1000 cGy) of ionizing radiation. No apparent GO/G, arrest was observed in CB-17 cells ( Figure ID, 1E) at the higher doses of irradiation as observed in SCID cells ( Figure 2D, 2E) , probably because of the rather potent G2/M cell cycle arrest and because both cell lines express mutant p53 levels. These data are consistent with the lack of G, cell-cycle checkpoint function of mutant p53 in various human and rodent cells (16) (17) (18) . The S phase population of both cell types was reduced at these higher doses of radiation ( Figure 1D , 1E and Figure 2D, disastrous to cell viability in SCID cells. It should be noted, however, that this phenomenon was only observed at very high doses of ionizing radiation. Later time points may be needed to observe difference among these cells at lower doses. According to conventional theory, the presence of double-strand breaks is thought to lead to G2/M cell-cycle checkpoint arrest. In the case of SCID cells, however, the data indicate the possible existence of DNA double-strand break tolerance that would be sufficient to explain the dramatic decrease in cell survival of these cells compared to that for their genetically matched partner, CB-17 cells. Our data indicate the possibility of a prominent role for DNA-PKcs in the G2/M cell-cycle checkpoint, which may exist to allow repair before mitotic segregation. Further experimentation is under way to explore links between DNA-PKcs, its absence, and/or apoptosis. We speculate that SCID cells may be similar to preapoptotic cells, in which DNA-PKcs is cleaved by radiation-or DNA damage-induced apoptotic proteases (22) . The lack of expression of DNA-PKcs in SCID cells may, therefore, predispose the cell for commitment to undergo an apoptotic death. Therefore, DNA-PKcs may not only be involved in double-strand break repair and cell-cycle regulation; it actually may be a pivotal player as an apoptotic protector against programmed cell-death responses that occur after ionizing radiation.
